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(54) Solid-state lithium secondary battery 

(57) A solid-state lithium secondary battery having 
high safety and being free from the formation and growth 
of lithium dendrites is disclosed. It comprises a cathode 
having as an active material at least one compound se- 
lected from the group consisting of oxides and sulfides 
of atransitksn metal, a lithium ion-conductive solid elec- 



trolyte of a glass comprising Li2S, and an anode having 
as an active material a metal (such as In, Pb, Zn, Sn, Sb, 
Bi, Cd. Ga and Ti) capable of forming an alloy with lithi- 
um, wherein at least one of the cathode active material 
and anode active material contains lithium. 
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Description 

The present invention relates to a solid-state lithium secondary battery using a lithium ion-conductive solid electro- 
lyte. 

5 With the current development of compact and light-weight portable electric or electronic equipment such as video- 

tape recorders integrally mounted with a camera or handy phones, there has been an increasing demand for a secondary 
battery having a high energy density to sen^e as their power source. Under such circumstances, various studies have 
been focused on a lithium secondary battery as a battery which can provide a high energy density, because lithium is 
a metal which has a small atomic weight and can offer a large ionization energy. 

10 The lithium secondary battery for the above-mentioned applications normally uses an organic electrolyte. Therefore, 

when a metal such as aluminum or indium is employed for its anode, the metal is liable to form an alloy with lithium and 
becomes fragile; the active material is reduced into minute particles. As a result, the bonding ability of the active material 
to the electrode decreases and it readily falls off from the electrode. These phenomena may cause a decrease in an 
apparent surface area of the electrode, a passivation of the surface of the metal anode as a result of reaction with the 

IS electrolyte, and an increase in impedance at sorne regions of the battery. 

As a result, a current may concentrate on other regions of low impedance, thereby causing a formation of dendrites, 
which may sometimes penetrate a separator placed between the anode and the cathode. This causes a problem of 
short-circuiting inside the battery. 

On the other hand, a solid-state battery which employs a solid electrolyte comprising a halide such as lithium iodide 

20 or the like may also produce a high impedance region because of formation of a halide on the surface of the metal 
anode. Therefore, the battery of this type Is also susceptible to the problem of the current concentration on its low 
impedance regions, thereby causing the dendrite formation, as in the organic electrolyte lithium battery. In addition to 
this, the formation of high impedance regions sometimes decreases the rate of electrochemical reaction in these regions 
and eventually decreases the apparent surface area participating in the electrochemical reaction. As a result, the battery 

2S of this type is susceptible to a disadvantage of deteriorated charge/discharge cycle performance as a rechargeable 
battery. 

In order to overcome the problem of the dendrite formation and to improve the reliability of the battery, it has been 
proposed to employ a carbon material which can absorb and desorb lithium in a reversible manner between the layers 
of carbon, or to add a dendrite formation inhibitor to the electrolyte. 
30 These proposals however failed to completely suppress the formation of dendrites when the battery was subjected 

to such a severe operating condition as charging at a large current density. In the lithium secondary battery using the 
organic electrolyte and having a high energy density, there has been a problem of possible fire inside the battery, probably 
due to the dendrite formation and the subsequent short-circuiting between the anode and the cathode. 

3S SUMMARY OF THE INVENTION 

In order to address the above-mentioned problems of the prior art batteries, preferred embodiments of the present 
invention provide a solid-state lithium secondary battery which can effectively prevent the dendrite formation in the anode 
and the falling-off of the active material from the anode, which have been inevitable in the use of an organic electrolyte 
40 or a solid electrolyte containing a halide as in the prior art. 

The present invention provides a solid-state lithium secondary battery comprising: 
a cathode having as the active material at least one compound selected from the group consisting of oxides and 
sulfides of a transition metal. 

a lithium ion-conductive solid electrolyte of a glass comprising Li2S, and 
45 an anode having as the active material a metal capable of forming an alloy with lithium, 

wherein at least one of the above-mentioned cathode active material and anode active material contains lithium. 
For example, the metal active material of the anode contains lithium at least in its charged state, while the active 
material of the cathode contains lithium at least in its discharged state. 

In a preferred embodiment of the present invention, the metal active material of the anode is a single metal or an 
so alloy composed of two or more metals selected from the group consisting of In, Pb, 2n, Sn, Sb, Bi, Cd, Ga and Ti. 

It is also possible to use an alloy containing as the main component at least one metal selected from the group 
consisting of In, Pb, Zn, Sn, Sb, Bi, Cd, Ga and Ti. 

In another preferred embodiment of the present invention, the metal active material of the anode is Al or an alloy 
containing Al as its main component. 
ss The above-mentioned metal active material of the anode is in the fomn alloyed with lithium at least in the charged 

state of the battery. 

In a preferred embodiment of the present invention, the active material of the cathode is at leaist one compound 
selected from the group consisting of. LlxCoOg. LIxMnOg, LlxMn204, LixNiOa. UxTiSa, LIxMoSa. and LixMOgSs (wherein 



2 



EP 0 704 920 A1 

x^O). 

In another preferred embodiment of the present invention, the solid electrolyte further comprises at least one member 
selected from the group consisting of SiS2. AI2S3, P2S5. and B2S3. 

In still another preferred embodiment of the present invention, the solid electrolyte further comprises at least one 
5 member selected from the group consisting of LigO, Li3P04, Li2S04, and U2CO3. 

While the novel features of the present invention are set forth particularly in the appended claims, the invention, 
both as to organization and content, will be better understood and appreciated, along with other objects and features 
thereof, from the following detailed description taken in conjunction with the preferred embodiments. 

10 ' DESCRIPTION OF THE PREFERRED EMBODIMENTS 

A solid-state lithium secondary battery in accordance with the present invention employs a solid electrolyte in a 
glass state represented by Ll^S-X or LigS-X-Y, wherein X represents at least one member selected from the group 
consisting of SiSa. AlgSg. PgSg. and B2S3, and Y represents at least one member selected from the group consisting 
IS of Li20, Li3P04. Li2S04, and U2CO3 for its electrolyte layer. 

Since these glass solid electrolytes do not contain any halide, they do not form any high impedance layer or region 
on the surface of the anode due to the reaction of the metal active material with the halide. 

Further, since the solid electrolyte is in close contact with the surface of the anode, the anode active material is 
effectively prevented from falling off from the electrode even if the active material is reduced into minute particles by 
20 possible alloying with lithium, and it demonstrates a preferable function in increasing the surface area which can partic- 
ipate in the reaction. As a result, current distribution on the electrode is made uniform, and no lithium dendrites are 
formed; thus a short-circuiting inside the battery due to the dendrite formation can effectively be prevented and it is 
possible to obtain a lithium secondary battery having a very high reliability. 

When the composition of the solid electrolyte is represented by the formula aLigS-CI -a)X or bY-(1 -b)[aU2S -(1 -a)X], 
2S it is preferable that 0.3<a. and b<0.3. 

In case of using powderfor the electrode active material, it is preferable to prepare an electrode by mixing the active 
material powder with the powder of the solid electrolyte. The mixing ratio of the cathode active material powder to the 
solid electrolyte powder is preferably in a range of 3:7 to 9.5:0.5 (active material: solid electrolyte). Further, it is preferable 
to prepare the anode by mixing 25 wt% or more of the electrolyte powder with the alloy powder. 
30 A solid electrolyte consisting of sulfides only has a low decomposition potential of 3 - 3.5 V (vs. LiVLi). For this, if 

this electrolyte is employed in a battery which uses an oxide of a transition metal generating a high electromotive force 
of about 4 V (vs. Li+Aj) for the cathode active material, the electrolyte is oxidized and decomposed. Therefore, it is 
possible to use Li2S-X-Y on the present invention as the electrolyte for a batteiy which uses an oxide of a transition metal 
for its cathode active material. 

35 In the embodiments which will be described later, the solid electrolyte was prepared in the following manner. More 

specifically, after mixing the predetermined amounts of the raw materials, the mixture was put in a crucible made of 
glassy carbon and allowed to react in a flowing argon gas at 1,000**C for 2 hours, and the obtained molten reaction 
product was quenched uttra-rapidly by means of a twin roller to give the solid electrolyte glass (in an amorphous state). 
In the following paragraphs, the present invention will be described in more detail with reference to the preferred 

40 embodiments. Procedures in the following examples were all perfonrned in a dry box filled with an inert gas. 

Example 1 

A lithium secondary battery was configured by employing an indium (In) foil as the anode active material, a 
45 0.01 U3PO4-0.63U2S-0.36SiS2 glass as the lithium ion-conductive solid electrolyte and lithium cobalt dioxide (LiCoOg) 
as the cathode active material, respectively. Details thereof are shown as follows. 

First, the lithium, Ion-conductive solid electrolyte in a glass state represented by the formula 
0.01 U3PO4-0.63Li2S-0.36SiS2 was pulverized in a mortar to have a particle size conresponding to 1 GO mesh or smaller, 
and the pulverized product was press-molded into a disk having a diameter of 10 mm and a thickness of 1 .0 mm. 
so Then, the lithium cobalt dioxide (LiCoOg) was mixed with the above-mentioned pulverized product of lithium ion-con- 

ductive solid electrolyte in the glass state at a weight ratio of 2:3. and the mixture was press-molded into a disk having 
a diameter of 10 mm and a thickness of 0.5 mm to give a cathode. 

An anode was prepared by punching the indium foil having a thickness of 0.1 mm into a disk having a diameter of 
10 mm. Thereafter, a solid-state lithium secondary battery was configured by sandwiching the above-mentioned molded 
55 solid electrolyte between the above-mentioned anode and cathode, by pressure. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 1 00 ^A/cm^. As a result, there was no decrease in the charge/discharge capacity of the battery from its initial 
value even after 1 ,000 cycles. The charge/discharge efficiency was maintained at 100% throughout the repeated charg- 
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ing and discharging cycles and the battery operated stably. 

When this lithium battery was disassembled in rts charged state to observe the state of an interface between the 
anode and the solid electrolyte through a microscope, no formation of lithium dendrites was seen. 

In addition, the results of measurements of the changes in impedance by aging, perfomied by placing the battery 
in its charged state in a thermostat at 80*C, showed no change in the impedance after 2,000 hours. 

This shows that by using the present invention a lithium secondaiy battery can be obtained which has high safety 
and is free from the formation and growth of lithium dendrites. 

Examples 2-30 

Batteries were configured by repeating the procedures disclosed in Example 1 except that different materials were 
used for the anode, the solid electrolyte and the cathode In various combinations as listed in Table 1 . Table 2 and Table 
3 below. These batteries were evaluated in a manner similar to that in Example 1 . Table 1 . Table 2 and Table 3 summarize 
the results of evaluations on the batteries configured with various combinations, together with the result of Example 1 . 
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Comparative Example 1 

For comparative purpose, an electrode assembly was configured by employing an indium foil disk having adiameter 
of 1 0 mm and a thickness of 0. 1 mm and a press-molded disk of lithium cobalt dioxide {LiCo02) powder having adiameter 
5 of 1 0 mm and a thickness of 0.5 mm as the anode and the cathode active material, respectively. The disks faced each 
other, via a separator made of polyethylene resin placed between both disks, and were housed in a battery casing. A 
lithium secondary battery which employs an organic electrolyte was configured by Injecting a lM-LiCkl04 propylene 
carbonate solution into the battery casing. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
10 density of 100 pA^cm 2. As a result, the discharge capacity of the battery at the second cycle remarkably differed from 
its initial value, accounting for about 80% of the initial value. After about 50 charging and discharging cycles, a decrease 
in the charge/discharge capacity was recognized, and the battery finally became unable to be charged or discharged 
after the 230th cycle. On the observation of disassembled battery, it was found that the anode indium foil alloyed with 
Irthium was reduced into minute particles and partly fallen off. It was further found that dendrites of lithium were formed 
IS and penetrated the separator at parts which had not fallen off. 

In addition, the results of measurements of the changes in impedance by aging, performed l3y placing the batteries 
of similar configurations in their charged state in a thermostat at 80**C, showed a change in the impedance at the initial 
stage of the measurements. This change is considered due to possible passivation of the surface of the metal anode. 

20 Comparative Example 2 

A battery similar to that in Example 1 3 was configured, using a0.45Lil-0.35Li2S-0.2SiS2 glass as the solid electrolyte 
for comparative purpose. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
2S density of 1 00 pA/cm^. As a result, a phenomenon of gradual decrease in discharge capacity of the battery was recog- 
nized with the progress of charging and discharging cycles, and no increase in the cell voltage occurred during the 
charging operation after 300 cycles. As a result of disassembling the lithium secondary battery and the subsequent 
observation through a microscope on the state of the interface between the anode and the solid electrolyte, a formation 
of dendrites was observed. The failure in the charging operation may be caused by possible short-circuiting due to the 
30 formed dendrites. 

In addition, the results of measurements of the changes in impedance by aging, performed by placing the batteries 
of similar configurations in their charged state in a thermostat at 80"C. showed an increase in the impedance after 15 
hours. 

35 Comparative Example 3 

For comparative purpose, a battery similar to that in Example 1 3 was configured using a 0.6Li2S-0.4B2S3 glass as 
the solid electrolyte. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
40 density of 100 jjA/cm^. As a result, a phenomenon of gradual decrease in discharge capacity of the battery was recog- 
nized with the progress of charging and discharging cycles. In addition, the results of measurements of its impedance, 
performed at each rest period after the charging operation in the course of repeating charging and discharging cycles, 
showed an increase in the impedance with the progress of the cycles This suggests that a decomposition of the solid 
electrolyte may occur in the course of repeating charging and discharging cycles. 

45 

Comparative Example 4 

For comparative purpose, a battery similar to that in Example 1 was configured by emptoying a 0.6Li2S-0.4P2S5 
glass, LiNiOg, and lead as the solid electrolyte, the cathode active material, and the anode metal, respectively. 

so The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 

density of 100 |iA/cm^. As a result, a decrease in discharge capacity of the battery by ten and several percent was 
recognized with the progress of charging and discharging cycles. In addition, the results of measurements of its imped- 
ance, performed at each rest period after the charging operation in the course of repeating charging and discharging 
cycles, showed an increase in the impedance with the progress of the cycles. This suggests that a decomposition of 

ss the solid electrolyte may occur in the course of repeated charging and discharging cycles. 
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Example 31 

A lithium secondary battery was configured by employing an Indium (In) powder as the anode, a 
0.01 Li3PO4-0.63Li2S-0.36SiS2 glass as the lithium lon-conductrve solid electrolyte and lithium cobalt dioxide (UCoCD^) 
s as the cathode, respectively. Details thereof are shown as follows. 

First, the lithium ion-conductive solid electrolyte in a glass state represented by the formula 
O.01 Li3PO4-0.63Li2S-0.35SiS2 was pulverized in a mortar to have a particle size corresponding to 1 00 mesh or smaller, 
and the pulverized product was press-molded into a disk having a diameter of 10 mm and a thickness of 0.5 mm. 

Then, the lithium cobalt dioxide (LiCo02) was mixed with the above-mentioned pulverized product of lithium lon-con- 
10 ductive solid electrolyte in the glass state at a weight ratio of 2:3, and the mixture was press-molded into a disk having 
a diameter of 10 mm and a thickness of 0.5 mm to give a cathode. 

An anode was prepared by mixing the indium powder with the above-mentioned pulverized product of lithium 
ion-conductive solid electrolyte in the glass state at a weight ratio of 2:1 . and the mixture was press-molded into a disk 
havhg a diameter of 10 mm and a thickness of 0.1 mm to give an anode. 
IS Thereafter, a solid lithium secondary battery was configured by sandwiching the above-mentioned molded solid 

electrolyte between the above-mentioned anode and cathode, by pressure. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 p.A/cm2. As a result, the charge/discharge capacity of the battery showed no decrease from its initial 
value even after 800 charging and discharging cycles. The charge/discharge efficiency was maintained at 100% during 
20 the repetition and tfie battery operated stably. 

When this lithium battery was disassembled in its charged state to observe the state of an interface between the 
anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

In addition, the results of measurements of the changes In impedance by aging, performed by placing the battery • 
in its charged state in a thermostat at 80*C, showed no change in the Impedance even after 1 .000 hours. 

25 

Example 32 

A procedure similar to that in Example 1 3 was followed for configuring another solid-state lithium secondary battery 
except for the use of indium-lead alloy foil for the anode. 
30 The indium-lead alloy was obtained by bringing an indium foil into close contact with a head foil at an atomic ratio 

of 3:2 by pressure, and alloying both to effect solid phase reaction in an argon atmosphere at 200^*0 for 48 hours. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 jiA/cm^. As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
even after 800 charging and discharging cycles. The charge/discharge efficiency was maintained at 100% during the 
35 tests and no change was observed on the charge/discharge curve. 

When this lithium secondary battery was disassembled in its charged state to observe the state of an interface 
between the anode and the solid electrolyte through a microscope, any formation of dendrites was not recognized. 

In additran to the specified anode metals shown in the above-mentioned examples, a technical advantage similar 
to that of these examples is obtained by using any of indium, lead, tin, zinc, cadmium, antimony, bismuth, gallium and 
40 titanium, or any alloy composed of any two of these metals. 

Example 33 

A lithium secondary battery was configured by employing an indium-lead alloy (0.5ln-0.5Li) foil as the anode active 
45 material, a 0.01 Li3PO4-0.63Li2S-0.36SiS2 glass as the lithium ion-conductive solid electrolyte and lithium cobalt dtoxide 
(LiCo02) as the cathode active material, respectively. Details thereof are shown as follows. 

First, the lithium ion-conductive solid electrolyte in a glass state represented by the formula 
0.01 Ll3PO4-0.63Ll2S-0.36SiS2 was pulverized in a mortar to have a parttele size corresponding to 100 mesh or smaller, 
and the pulverized product was press-molded into a disk having a diameter of 10 mm and a thickness of 1 .0 mm. 
so Then, the lithium cobalt dioxide (LiCo02) was mixed with the above-mentioned pulverized product of lithium ton-con- 

ductive solid electrolyte in the glass state at a weight ratio of 2:3, and the mixture was press-molded into a disk having 
a diameter of 10 mm and a thickness of 0.5 mm to give a cathode. 

An anode was prepared by punching an indium-lead alloy (0.51n-0.5LI) foil having a thickness of 0.1 mm into a disk 
having a diameter of 1 0 mm. To prepare the indium-lead alloy foil, an indium foil and a lithium foil were laminated together 
ss and brought into close contact at an atomic ratio of 1 : 1 by pressure to cause alloying, and rolled to a thickness of 0. 1 mm. 

Thereafter, a solid-state lithium secondary battery was configured by sandwiching the above-mentioned molded 
solid electrolyte between the above-mentioned anode and cathode, by pressure. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a cun-ent 
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density of 1 00 pA/cm^. As a result, there was no decrease in the charge/discharge capacity of the battery from its initial 
value even after 1 ,000 cycles. The charge/discharge efficiency was maintained at about 1 00% throughout the repeated 
charging and discharging cycles and the battery operated stably. 

When this lithium battery was disassembled in Its charged state to observe the state of an interface between the 
s anode and the solid electrolyte through a microscope, no fornnation of lithium dendrites was seen. 

In addition, the results of measurements of the changes in Impedance by aging, performed by placing the battery 
in its charged state in a thermostat at SO^C, showed no change in the impedance after a lapse of 2,000 hours. 

This shows that by using the present invention a lithium secondary battery can be obtained which has high safety 
and is free from the formation and growth of lithium dendrites. 

10 

Examples 34 - 62 

Batteries were configured by repeating the procedures disclosed in Example 33 except that different materials were 
used for the anode, the solid electrolyte and the cathode in various combinations as listed in Table 4. Table 5 and Table 
IS 6 below. These batteries were evaluated in a manner similar to that In Example 33. Table 4, Table 5 and Table 6 sum- 
marize the results of evaluations on the batteries configured with various combinations, together with the result of Ex- 
ample 33. 
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nQmparative Example 5 

For comparative purpose, an electrode assembly was configured by employing an indium-lithium alloy (0.51n-0-5Li) 
foil disk having a diameter of 10 mm and a thickness of 0.1 mm and a press-molded disk of Irthium cobalt dioxide 

s (LiCoOg) powder having a diameter of 1 0 mm and a thickness of 0,5mm as the anode and the cathode active material, 
respectively. The disks faced each other, via a separator made of polyethylene resin placed between both disks, and 
were housed in a battery casing. A lithium secondary battery which employs an organic electrolyte was configured by 
injecting a 1M-LiCI04 propylene carbonate solution into the battery casing. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at acurrent 

10 density of 100 jiA/cm^. As a result, the discharge capacity of the battery at the second cycle remarkably differed from 
its initial value, accounting for about 80% of the initial value. After about 80 charging and discharging cycles, a decrease 
in the charge/discharge capacity was recognized, and the battery finally became unable to be charged or discharged 
after the 250th cycle. On the obsen^ation of disassembled battery, it was found that the anode indium- lithium alloy foil 
was reduced into minute particles and partly fallen off. It was further found that dendrites of lithium were formed and 

75 penetrated the separator at parts which had not fallen off. 

In addition, the results of measurements of the changes in impedance by aging, performed by placing the batteries 
of similar configurations in their charged state in a thermostat at 80*»C, showed a change in the Impedance at the Initial 
stage of the measurements. This change is considered due to possible passivation of the surface of the metal anode. 

20 Comparative Example 6 

A battery simllarto that in Example 45 was configured, using a0.45UI-0.35U2S-0.2SiS2 glass as the solid electrolyte 
for comparative purpose. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
25 density of 100 ^A/cm^. As a result, a phenomenon of gradual decrease in discharge capacity of the battery was recog- 
nized with the progress of charging and discharging cycles, and no increase in the cell voltage occurred during the 
charging operation after a lapse pf 300 cycles. As a result of disassembling the Irthium secondary battery and the sub- 
sequent observation through a microscope on the state of the interface between the anode and the solid electrolyte, a 
formation of dendrites was observed. The failure in the charging operation may be caused by possible short-circurting 
30 due to the formed dendrites. 

In addition, the results of measurements of the changes in impedance by aiging. performed by placing the batteries 
of similar configurations in their charged state in a thermostat at BO'C. showed an increase in the impedance after 20 
hours. 

35 Comparative Example 7 

For comparative purpose, a battery similar to that in Example 45 was configured using a O.6LI2S-O.4B2S3 glass as 
the solid electrolyte. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
40 density of 100 ^lA/cm^. As a result, a phenomenon of gradual decrease in discharge capacity of the battery was recog- 
nized with the progress of charging and discharging cycles. In addrtion, the results of measurements of its impedance, 
performed at each rest period after the charging operation in the course of repeating charging and discharging cycles, 
showed an increase in the impedance with the progress of the cycles. This suggests that a decomposition of the solid 
electrolyte may occur in the course of repeating charging and discharging cycles. 

45 

Comparative Example 8 

For comparative purpose, a battery similar to that In Example 33 was configured by employing a 0.6Li2S'0.4P2S5 
glass, LiNi02. and a lead-lithium altoy (0.6Pb-0.4U) as the solid electrolyte, the cathode active material, and the anode 
so metal, respectively 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 pA/cm^. As a result, a decrease in discharge capacity of the battery by ten and several percent was 
recognized with the progress of charging and discharging cycles. In addition, the results of measurements of rts imped- 
ance, performed at each rest period after the charging operation in the course of repeating charging and discharging 
55 cycles, showed an increase in the Impedance with the progress of the cycles. This suggests that a decomposition of 
the solid electrolyte may occur in the course of repeated charging and discharging cycles. 
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Example 63 

A lithium secondary battery was configured by employing an indium-lithium alloy (0.5ln-0.5Li) powderas the anode, 
a 0.01 Li3PO4-0.63Li2S-0.36SiS2 glass as the lithium ion-conductive solid electrolyte and lithium cobalt dioxide (LiCoOg) 
5 as the cathode, respectively. Details thereof are as follows. 

First the lithium ion-conductive solid electrolyte in a glass state represented by the formula 
0.01 U3PO4-0.63Ll2S-0,36SiS2 was pulverized In a mortar to have a particle size con-esponding to 1 00 mesh or smaller, 
and the pulverized product was press-molded into a disk having a diameter of 1 0 mm and a thickness of 0.5 mm. 

Then, the lithium cobalt dioxide (LiCo02) was mixed with the above-mentioned pulverized product of lithium k>n-con- 
10 ductive solid electrolyte in the glass state at a weight ratio of 2:3. and the mixture was press-molded into a disk having 
a diameter of 10 mm and a thickness of 0.5 mm to give a cathode. 

An anode was prepared by mixing the indiumlithium alloy (O.Sln-O.SU) powder with the above-mentioned pulverized 
product of lithium ion-conductive solid electrolyte in the glass state at a weight ratio of 2:1, and the mixture was 
press-molded into a disk having a diameter of 10 mm and a thickness of 0.1 mm to give an anode. 
IS Thereafter, la solid lithium secondary battery was configured by sandwiching the above-mentksned molded solid 

electrolyte between the above-mentioned anode and cathode, by pressure. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at acurrent 
density of 100 jxA/cmS. As a result, the charge/discharge capacity of the battery showed no decrease from its initial 
value even after 900 charging and discharging cycles. The charge/discharge efficiency was maintained at 100% during 
20 the repetition and the battery operated stably. 

When this lithium battery was disassembled in its charged state to observe the state of an Interface between the 
anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

In addition, the results of measurements of the changes in impedance by aging, performed by placing the battery 
in its charged state in a thermostat at 80»C, showed no change In the impedance even after 1 ,000 hours. 

25 

Example 64 

A procedure similar to that in Example 45 was followed for configuring another solid-state lithium secondary battery 
except for the use of indium-lead-lithium (0.5ln-0.2Pb-0.3Li) alloy foil for the anode, 
30 To prepare the indium-lead-lithium altoy, ^ indium foil, a lead foil and a lithium foil were brought into close contact 

with each other at an atomic ratio of 5:2:3 by pressure, and the whole was alloyed to effect solid phase reaction in an 
argon atmosphere at 1 50** C for 48 hours. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at acurrent 
density of 100 ^A/cm^. As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
3S even after 800 charging and discharging cycles. The charge/discharge efficiency was maintained at 100% during the 
tests and no change was obsen/ed on the charge/discharge curve. 

When this lithium secondary battery was disassembled in its charged state to observe the state of an interface 
between the anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

40 Example 65 

Another solid-state lithium secondary battery was prepared in a similar manner to that in Example 45, except for 
the use of gallium-aluminum-lithium alloy powder (0.5Ga-0.3AI-0.2Li) for the anode. 

To prepare the gallium-aluminum-lithium alloy powder, aluminum powder, gallium powder and lithium foil were mixed 
45 well at an atomic ratio of 3:5:2 and pulverised into minute particles in a mortar, which was then allowed to react In an 
argon atmosphere at 1 50' C for 24 hours. 

The gallium-aluminum-lrthium alloy powder thus obtained was mixed with an ron-conductive lithium glass powder 
represented by the formula 0.02Li3PO4-0.63Li2S-0,35SiS2 at a weight ratio of 2:1 , and the mixture was then press-mokJ- 
ed into a disk having a thickness of 0,1 mm and a diameter of 10 mm to give an anode tor use. 
so The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 

density of 100 jjA/cm^. As a result, the charge/discharge capacity of the battery maintained its initial value even after 
900 charging and discharging cycles. The charge/discharge efficiency was 100% during the tests and there was no 
change in the charge/discharge curve. 

When the lithium secondary battery was disassembled in its charged state to obsen/e the state of the interface 
ss between the anode and the solid electrolyte on a microscope, formation of lithium dendrites was not observed on the 
interface. 

Although the specified lithium alloys are used as the anode in Example 33 to Example 65, a similar technical ad- 
vantage is obtained by any other lithium alloy composed of lithium and at least one metal selected from the group 
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consisting of In, Pb. Zn, Sn» Sb, Bl, Cd, Ga and Ti. 
Exampia 66 

5 A lithiunn secondary battery was configured by employing an aluminum foil as the anode active material, a 

0.01IJ3PO4-0.63L!2S-0.36SiS2 glass as the lithium ion-conductive solid electrolyte and lithium cobalt dioxide (LjCo02) 
as the cathode active material, respectrvety. Details thereof are as follows. 

First, the lithium ion-conductive solid electrolyte in a glass state represented by the formula 
0-01 Li3PO4-0.63Li2S-0.36SiS2 was pulverized in a mortar to have a particle size corresporKling to 1 00 mesh or smaller. 
10 and the pulverized product was press-molded into a disk having a diameter of 10 mm and a thickness of 1 .0 mm. 

Then, the lithium cobalt dioxide (LiCoOg) was mixed with the above-mentioned pulverized product of lithium ion-con- 
ductive solid electrolyte in the glass state at a weight ratio of 2:3. and the mixture was press-molded into a disk having 
a diameter of 10 mm and a thtekness of 0.5 mm to give a cathode. 

An anode was prepared by punching the aluminum foil having a thickness of 0.1 mm into a disk having a diameter 
IS of 10 mm. Thereafter, a solid lithium secondary battery was configured by sandwiching the above-mentioned molded 
solid electrolyte between the above-mentioned anode and cathode, by pressure. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 |iA/cm2 As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
even after 1 ,000 cycles. The charge/discharge efficiency was maintained at about 1 00% throughout the repeated charg- 
20 ing and discharging cycles and the battery operated stably. 

When this Irthium battery was disassembled in Its charged state to observe the state of an interface between the 
anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

In addition, the results of measurements of the changes in impedance by aging, performed by placing the battery 
in its charged state in a thermostat at 80'*C. showed no change in the impedance after 1,800 hours. 
2S Thus, it is concluded that by using the present invention a lithium secondary battery can be obtained which has high 

safety and is free f rorn the formation and growth of lithium dendrites. 

Examples 67 - 87 

30 Batteries were configured by repeating the procedures disclosed in Example. 66 except for the use of different 

materials for the anode, the solid electrolyte and the cathode in various combinations as listed in Table 7, Table 8 and 
Table 9 below. These batteries were evaluated in a manner similar to that in Example 66. Table 7. Table 8 and Table 9 
sunnmarizo the results of evaluations on the batteries configured with these combinations, together with the result of 
Example 66. 
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Comparative Exampie 9 

For comparative purpose, an electrode assembly was configured by employing an aluminum-lithium alloy (atomic 
ratio of 3:2) foil disk liaving a diameter of 10 mm and a thickness of 0.1 mm, and a press-molded disk of lithium cobalt 
5 dioxide (LiCoOg) powder having a diameter of 10 mm and a thickness of 0.5 mm, as the anode and the cathode, re- 
spectively. The disks were combined to face each other, via a separator made of polyethylene resin placed between 
both disks, and housed in a battery casing. A lithium secondary batteiy which employs an organic electrolyte was con- 
figured by injecting a 1 M-LiCI04 propylene carbonate solution into the battery casing. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
10 density of 100 iiA/cm^. As a result, the discharge capacity of the battery at the second cycle remarkably differed from 
its initial value, accounting for about 80% of the Initial value. After about 80 charging and discharging cycles, a decrease 
in the charge/discharge capacity was recognized, and the battery finally became unable to be charged or discharged 
after the 250th cycle. On the obsen/ation of disassembled battery, it was found that the aluminum-lithium alloy foil of the 
anode was reduced into minute particles and partly fallen off. It was further found thai the dendrites of lithium were 
IS formed and penetrating the separator at parts escaping the faliing-off. 

In additk>n, the results of measurements of the changes in impedance by aging, perfoimed by placing the batteries 
of sffnilar configurattons in their charged state in a thermostat at BO^C, showed a change in the irhpedance at the initial 
stage of the measurements. This change is conskiered due to possible passivation of the surface of the metal anode. 

20 Comparative Example 10 

For comparative purpose, a battery similar to that in Example 79 except for the use of a solid electrolyte of 
0.45tjl-0.35Li2S-0.2SiS2 glass was prepared. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
25 density of 1 00 ^A/cm^. As a result, a phenomenon of gradual decrease in discharge capacity of the battery was recog- 
nized with the progress of charging and discharging cycles, and no increase in the cell voltage occurred during the 
charging operation after a lapse of 300 cycles. As a result of disassembling the lithium battery and the subsequent 
observation through a microscope on the state of the interface between the anode and the solid electrolyte, a formation 
of dendrites was observed. It is believed that the failure in the charging operation is caused by possible short-circuiting 
30 due to the formed dendrites. 

In addition, measurements of the changes in impedance by aging, performed by placing the batteries of similar 
configurations in their charged state in a thermostat at 80" C, showed an increase In the Impedance after 30 hours. 

Comparative Example 11 

35 

For comparative purpose, a battery similar to that in Example 79 was configured by employing a 0.6Li2S-0.4B2S3 
glass as the solid electrolyte. 

The lithium secondary battery thus obtained was subjected to repeated chEirging and discharging cycles at a current 
density of 100 ^A/cm^. As a result, a phenomenon of gradual decrease in discharge capacity of the battery was recog- 
40 nized with the progress of charging and discharging cycles. In addition, measurements of their Impedances, performed 
at each rest period after the charging operation in the course of repeating charging and discharging, showed an increase 
in the impedance with the progress of the cycles. This suggests that a decomposition of the solid electrolyte may occur 
with the progress of charging and discharging cycles. 

45 Comparative Example 1 2 

For comparative purpose, a battery similar to that in Example 66 was configured by employing a 0.6Li2S-0.4P2S5 
glass, LiNi02 and an alumlnum-lead-lithium alloy (0.5AI-0.2Pb-0.3Li) as the solid electrolyte, the cathode active material 
and the anode metal, respectively. 

so The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 

density of 100 yA/cm^. As a result, a decrease in discharge capacity of the battery by ten and several percent was 
recognized with the progress of charging and discharging cycles. In addition, measurements of their impedances, per- 
formed at each rest period after the charging operation in the course of repeating charging and discharging, showed an 
increase in the impedance with the progress of the cycles. This may suggest that a decomposition of the solid electrolyte 

55 may occur with the progress of charging and discharging cycles. 
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Example 88 

A lithium secondary battery was configured by employing an aluminum-lithium (O.SAI-O.SLi) alloy powder as the 
anode, a 0.01 Lj3PO4-0.63Ll2S-0.36SiS2 glass as the lithium ion-conductive solid electrolyte and lithium cobalt dioxide 
s (LiCo02) as the cathode active material, respectively. Details thereof are as follows. 

First, the lithium ion-conductive solid electrolyte in a glass state represented by the formula 
0.O1 Lj3PO4-0.63Li2S-0,36SiS2 was pulverized in a mortar to have a particle size corresponding to 1 00 mesh or smaller, 
and the pulverized product was press-molded into a disk having a diameter of 10 mm and a thickness of 0.5 mm. 

Then, the lithium cobalt dioxide (LiCoOg) was mixed with the above-mentioned pulverized product of lithium ion-con- 
10 ductive solid electrolyte in the glass state at a weight ratio of 2:3. and the mixture was press-molded into a disk having 
a diameter of 10 mm and a thickness of 0.5 mm to give a cathode. 

An anode was prepared by mixing the aluminum-lithium (0.5Al-0.5Li) alloy powder with the above-mentioned pul- 
verized product of lithium ion-conductive solid electrolyte in the glass state at a weight ratio of 2:1 . and the mixture was 
press-molded into a disk having a diameter of 10 mm and a thickness of 0.1 mm to give an anode. 
IS Thereafter, a lithium secondary battery was configured by sandwiching the above-mentioned molded solid electro- 

lyte between the above-mentioned anode and cathode, by pressure. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 nA/cm^. As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
even after 800 charging and discharging cycles. The charge/dlscharge efficiency was maintained at 100% throughout 
20 the repetition and the battery operated stably. 

When this lithium battery was disassembled in its charged state to observe the state of an interface between the 
anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

In additton, on the measurement of the changes in impedance by aging, performed by placing the battery in its 
charged state in a thermostat at 80'C, no change in the impedance was recognized even after 1,000 hours. 

25 

Example 89 

A manner similar to that in Example 79 was followed to prepare another solid-state lithium secondary battery, except 
for the use of an aluminum-indium-lithium alloy (0.4Al-0.4ln-0.2Li) foil for the anode. 
30 To prepare the aluminum-indium-lithium alloy foil, an aluminum foil, an indium foil and a lithium foil were all laminated 

together and brought into close contact by pressure to reach an atomic ratio of 2:2:1 , to cause solid phase reaction in 
an argon atmosphere at 1 50'C for 48 hours. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at acunrent 
density of 100 iiA/cm2. As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
35 even atter 900 charging and discharging cycles. The charge/dischat'ge efficiency was maintained at 100% throughout 
the tests and no change was observed on the charge/discharge cun/e. 

When this lithium battery was disassembled in its charged state to observe the state of an interface between the 
anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

40 Example 90 

A manner similar to that in Example 79 was followed to prepare another solid-state lithium secondary battery, except 
for the use of an atuminum-gallium-lithium (0.4AI-0.3Ga-0.3Li) alloy powder for the anode. 

To prepare the aluminum-gallium-lithium alloy powder, aluminum powder, gallium powder and lithium foil were 
45 weighed until reaching an atomic ratio of 4:4:3, and then the weighed materials were mixed together in a mortar to cause 
solid phase reaction in an argon atmosphere at 150'C for 24 hours. 

To give an anode, the alloy powder was mixed with the lithium ion-conductive glass powder represented by the 
formula 0.02Li3PO4-0.63Li2S-0.35SiS2 at a weight ratio of 2:1, and the mixture was press-molded into a disk having a 
diameter of 10 mm and a thickness of 0.1 mm. 
so The lithium secondary battery thus obtained was subjected to repeated chargin g and discharging cycles at a current 

density of 100 loA/cm^. As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
even after 800 charging and discharging cycles. The charge/discharge efficiency was maintained at 100% throughout 
the tests and no change was observed on the charge/discharge curve. 

When this lithium secondary battery was disassembled in its charged state to observe the state of an interface 
ss between the anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

Further, although Example 66 to Example 90 are limited to the aluminum-lithium alloy, the aluminum-indium-lithium 
alloy and the aluminum-galliumlithium alloy as the alloys consisting mainly of aluminum and lithium, a similar technical 
advantage is obtained by any other alloy, and thus the present invention should not be limited to the above-mentioned 
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species of alloy. 

No difference is created In the essential effect of the present invention even if the combination and/or composition 
ratio of the cathode material, the anode material and the solid electrolyte are changed within the scope stipulated in the 
present invention, and a similar technical advantage is obtained by any of the combinations and/or composition ratios. 
5 Although the present invention has been described in terms of the presently prefen-ed embodiments, it is to be 

understood that such disclosures are not to be interpreted as limiting. Various alterations and modifications will no doubt 
become apparent to those skilled in the art to which the present invention pertains, after having read the above disclosure. 
Accordingly, rt is intended that the appended claims be interpreted as covering all alterations and modifications as fall 
within the true scope of the invention. 

10 

Claims 

1. A solid-state lithium secondary batteiy comprising: 

IS a cathode having as an active material at least one compound selected from oxides and sulfides of a transition 

metal. 

a lithium ion-conductive solid electrolyte of a glass comprising Li2S, and 

an anode having as an active material a metal capable of forming an alloy with lithium, 

wherein at least one of said cathode active material and said anode active material contains lithium. 

2. The solid-state lithium secondary battery in accordance with claim 1 , wherein said anode active material is a single 
metal or an alloy containing at least one metal selected from In. Pb, Zn. Sn, Sb, Bi, Cd. Ga and Ti. 

3. The solid-state lithium secondary battery in accordance with claim 1 , wherein said anode active material is Ai or an 
25 alloy containing Al as the main component. 

4. The solid-state lithium secondary battery in accordance with claim 2. wherein said anode active material is in the 
form alloyed with lithium. 

30 5. The solid-state lithium secondary battery in accordance with claim 3, wherein said anode active material is in the 
form alloyed with lithium. 

6. The solid-state lithium secondary battery in accordance with any one of claims 1 to 5, wherein said cathode active 
material is at least one member selected from LixCoOg, LixMnOg. LixMn204. LixNiOg, LixTiSg, LixMoSg, and 

3S Li^MoeSa (wherein x ^ 0). 

7. The solid^tate lithium secondary battery in accordance with any one of claims 1 to 6. wherein said solid electrolyte 
further comprises at least one member selected from the group consisting of SiS2, AI2S3, PgSs, and B2S3. 

40 8. The solid-state lithium secondary battery in accordance with claim 7, wherein said solid electrolyte is represented 
by the formula aLi2S-(1-a)X wherein X represents at least one member selected from the group consisting of SiSg. 
AI2S3, P2S5, and B2S3, and wherein 0.3<a 

9. The solid-state lithium secondary battery In accordance with claim 7. wherein said solid electrolyte further comprises 
45 at least one member selected from the group consisting of Li20, U3PO4. Li2S04, and LigCOs. 

10. The solid-state lithium secondary battery in accordance with claim 9, wherein said solid electrolyte is represented 
by the fonnula b Y-(1 -b)[aLi2S-{1 -a)X], wherein X represents at least one member selected from the group consisting 
of SiS2, AI2S3, PgSg, and B2S3, and Y represents at least one member selected from the group consisting of LigO, 

so Li3P04, Li2S04. and Li2C03. and wherein 0.3<a and b<0.3. 
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